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, We discuss the parameterization for electroweak gauge boson interactions without 

>ti' , a Hght Higgs boson. We present the constraints on the anomalous gauge-boson 

Cn ' couphngs from the current experiments. We emphasize that the four-point cou- 

pUngs involving the longitudinal weak bosons are genuine to the underlying strong 
dynamics responsible for the electroweak symmetry breaking. We study the sen- 
^ ^ sitivity to the four-point couplings and the possible heavy resonant states in this 

1/^ , sector at future TeV e+e~ linear colliders. 

f^ I 1 Introduction 

^H ! 

0^\ . The most prominent mystery in contemporary particle physics is the origin of 

0> ' electroweak symmetry breaking (EWSB) and the mass generation mechanism 

^H , for fermions. The celebrated Standard model (SM), which has passed the 

O ' experimental test with high precision up to the energy scale C(100 GeV), 

' , fulfills the job by introducing an effective potential 

Qh. 

^: vm^xim'-vy2r. (i) 



X 



The scalar Higgs doublet can be parameterized by 



where w"" (a — 1,2,3) are the Goldstonc bosons and H the physical Higgs 
boson of mass ttih = \/2\v. The vacuum expectation value (vev) v « 246 GeV 
sets the mass scale not only for the electroweak gauge bosons, but also for all 
fermions through Yukawa interactions. Thus searching for the Higgs boson 
has become the top priority to understand the electroweak symmetry breaking 
and mass generation mechanisms. However, due to the unknown parameter A 
in the Higgs potential, the Higgs boson mass mn is a free parameter. Current 
experimental searches at LEP2 have set a limit itlh > 98.8 GeV at a 95% 
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confidence levelB Theoretically, the SM cannot be a consistent effective theory 
if ran > 800 GeV. Thus, if there is no light Higgs boson found in the collider 
experiments, then new strong dynamics must set in. It has been pursued 
actively to explore the possible new dynamics responsible for the EWSB both 
theoretically and experimentally. 

Although the original idea of Technicolor for dynamical electroweak ffifni- 
metry breaking is attractive, one would need the Extended Technicolor o to 
give fermions their masses. Tremendous efforts have been made to incorporate 
the vastJermion mass hierarchy yet to avoid severe flavor changing neutral 
currentsu Precision electroweak measurements at the Z pole can also impose 
significant constraint on the new strong dyngimics, such as on the number 
of Technicolors and the SU(2) breaking effectsH The fact that the top-quark 
mass is miraculously close to the electroweak scale makes it very attempting 
to consider the role of the top quark in the EWSBP and the new interaction of 
topcolor has beeH. also introduced to account for the EWSB and the top-quark 
mass generationQ'cl More recently, models of dynamical synirnetry breaking 
with seesaw mechanism of quark condensation are proposedH Models of dy- 
namical symmetry breaking often lead to predictions of rich phenomenology. 
Technicolor theories generically result in technihadrons like ttt , tjt , Pt , Ait 
and ojt- The topcolor models often have colorons {Z' , Vg); while the top 
seesaw models have flavorons {xj^ /j, F's) and other composite scalars in the 
spectrum. If these particles exist well below 1 TeV, the experiments at the 
next generation of colliders will be able to discover them by their distinctive 
production and decay processes. 

In this talk, we would like to take a different direction, namely a rela- 
tively model-independent approach to parameterize the Strongly-interacting 
Electro- Weak Sector (SEWS). One thing we know for sure in the gauge bo- 
son sector is that the longitudinally polarized states {Wj^,Zj^) exist and they 
possess an (approximate) SU(2) custodial symmetry, leading to the mass re- 
lation Mw ~ Mz cos 9w where 6w is the weak mixing angle. In the scenario 
of spontaneous EWSB, the states. W[^,Zj^ are equivalent to the Goldstone 
bosons LU^,LU^ at high energiesEJO One can thus construct an electroweak ef- 
fective chiral Lagrangian based on the Goldstone bosons to parameterize the 
EWSB sector. One can also consider to include higher dimensional operators 
by the derivative expansion, which would lead to the "anomalous couplings" 
beyond the restricted form of the SM for the gauge bosons. We can also go 
a step further to introduce lower-lying heavy resonances near the TeV region. 
These will be discussed in the next section. In Sec. S, we summarize the con- 
straints on the anomalous coupling parameters from the current experimental 
results. We present analyses for the sensitivity to the SEWS sector at future 



high energy/high luminosity e^e" cohiders in Sec. m where we emphasize the 
important role for the processes W^Wj^ -^ W^Wj^ as well as W^W^^ — > ti. 
We make sonie_concluding remarks in Sec. g[ For more discussions, there are 
recent reviewsEj that dealt with related topics. 

2 Model-independent parameterization for SEWS 

It is known that the most economical description of EWSB below a new physics 
scale is thii, electroweak chiral Lagrangian with non-linear realization of the 
symmetrytj The lowest order term respecting the symmetry can be written as 

£(2) ^ Y^Tr[{D>^U)\D^U)l (2) 

where 

U^eMir^u^VA D^^U = O^U + igW^^-U - ig'UB^,'^. (3) 

£(2) breaks the electroweak gauge symmetry spontaneously and the coefficient 
is fixed by the gauge-boson mass. It also respects the custodial SU(2) symmetry 
and the low-energy theorem EJ if gauge coupling g' is ignored. To gain more 
information of the strong dynamics responsible for the EWSB, we need to 
go beyond the minimal term of C^"^'. It should be mentioned that there is 
yet another popular approach to the electroweak effective Lagrangian, namely 
the linear realization with an explicit doublet Higgs fieldlij For the sake of 
simplicity, we will not discuss this approach. In the rest of this section, we 
will focus on some parameterization for the couplings among the Goldstone 
bosons, some lower-lying resonances as well as the top quark. 

2.1 Scalar resonance 

One can parameterize an isosinglet heavy scalar resonance and its coupling to 
the Goldstone bosons and the top quark as 

C" = Id^^Hd.H-^MlH^ + i(g^yH + g'^^)Tvd^U^d,,U-Kt'^Hit. (4) 

There are four free parameters in this framework Mh, gh, g'h ^-^d Kt- The 
couplings gh and k* can be traded to the partial decay widths to W^Wj^ and 
tt, characterizing the dynamics of the underlying theory. This Lagrangian 
reduces to the SM Higgs sector when g^ = g'^^ = Kt = I. 



2.2 Vector resonance 



There is a systematic way to introduce an isotriplet jiiector resonance into the 
chiral LagrangianPJ with an example caUed BESS llll for the EWSB sector. 
There are three free parameters that can be expressed by the dfjrfi|y partial 



widths to WjW^ and to fermions, plus the vector boson mass Myllllll3 We note 
that other lower-lying veptjMLatates such as A\ and ujt can also be incorporated 
in the chiral Lagrangianllj'E30 



2.3 Next-to-leading order terms 

If the resonant states are kinematically unaccessible, then the low-energy effects 
can be conveniently parameterized by the coefficients of higher order terms of 
the electroweak chiral Lagrangian as the derivative expansion. There are 12 
SUl{'2) (8) C^y(l) gauge invariant and CP-even operatorspl parameterized by 



Ci = h 



•^10 



= I2 

= 4 

= 4 

= 4 

= 4 



A 



f -[Tr(rV^)]^ 



99' 



^)2^i?^.Tr(r[V^V'']) , 

J)2[Tr(V^V.)]2 , 

^)2[Tr(V^V,)]Tr(TV'')Tr(rV^) 
J)2[Tr(V^V'^)]Tr(rV,)Tr(rV'^) 

jf ^[Tr(rW,.)]^ , 
J)2|Tr(rW^,)Tr(r[V^V'']) 



?io(^)'^[Tr(rV^)Tr(TV'')] 



u\-\2 



hii^fge 



I^LUpX 



Tr(TV^)Tr(V,WpA) 



(5) 



where W^, - a^W, - d.W ^ + i.g[Wp, W,], B^, = 9^5, - d,B^, and V^ = 
{D^U)U'^ , T = Ut^U^ . The cutoff A characterizes the scale for the effective 



theory at which the new underlying dynamics sets in, presumably around A = 
min(47rw, Mjj y). In such a normalization and without other symmetries in the 
underlying physics, one would expect the natural size for the couplings to be 

2.4 Remarks on the anomalous couplings 

The operators in Eq. (|^) modify the gauge boson interactions, leading to the 
so-called "anomalous couplings" . Conventionally, the anomalous couplings of 
the gauge boson interactions are formulated by a Lorcntz and electromagnetic 
gauge-invariant effective LagrangianE3 

+ i^wl^W^V^-glwlW^id'^V'' + d''V'') (6) 

+ gle^^'^P (wldxW, - dxWl W,) Vp + ikyWlW^V^^'^ 

In the SM at tree level, g^ = ny = l,Ay = Ay = ky ^ gX = gX = 0. 
The deviation from the SM values can be expressed in terms of the coupling 
relations between this formalism and the electroweak chiral Lagrangian as 



^-^wlw^^.v'^K 






2 2 

^«7 = T2^Ml+^2+4-4+4), (7) 

A s^ 

«2 / 2e'^£i e'^io e^ 

A.z = ^(^ + ^- ^ + ^[^3-4 + 4]), 

where s„ = sin^^, C2w = cos 20^. 

Note that these couplings are three-point interactions and always involve 
some pure gauge fields that may not be sensitive to the EWSB sector. This is 
especially true for those couplings involving photons, no matter it is a triple 
or quartic coupling. In contrast, the couplings £4,5.6,7.10 are of particular in- 
terests: They are the genuine Goldstone boson intejaptions which characterize 
the underlying physics responsible fcp-jtlie EWSBt3E3 Furthermore, those cou- 
plings are expected to be enhanced t^EJ over the gauge couplings due to the 



new strong dynamicsE3 For instancepi 



heavy scalar Mh = 2 TeV : 4 ~ 0.0, (.^ « 0.33; 
heavy vector My = 2 TeV : 4 ~ 0.38 £5 ~ -0.31. 

3 Current constraints on SEWS 

Physics associated with vector boson-jpairs has been experimentally studied 
both at the TevatroncZl and at LEP2Ba The triple gauge-boson couplings can 
be measured through those processes. With good agreements with the SM ex- 
pectation, the constraints ikom LEP2, CDF and DO on the relevant anomalous 
couplings at a 2a level areca 

-0.07 < Agf < 0.05 => -8.4 < ^3 < 4.5 
-0.11 < Ak^ < 0.23 =^ -16 < ^2,9 < 35 

for A = 2 TeV. So far, the vector boson pairs produced are dominantly trans- 
versely polarized from the light fermion radiation, independent of the Higgs 
sector. Although the constraints will be further tightened up with more LEP2 
data coming out, one may only expect to discover new physics signal through 
those channels when there is a resonance accessible or nearby. 

Tiirning to the EWSB sector, besides the Higgs mass limit from the direct 
search^ precision electroweak data can be used to infer a Higgs mass limit 
Mh < IO7I45 GeVp which is only valid for a SM-like Higgs boson. Fur- 
thermore, from oblique corrections at the Z pole, one can relate the S, T, U 
parameters^ to the anomalous couplings at tree level 

S^-k'-^)%, ^=AO^^o, U^-'-A%, (8) 

n A 27re^ A tt A 

and translate the limits on S,T,UcB to 

S = -0.27 ± 0.12 => 0.04 <£i< 0.67 
T = 0.00 ± 0.15 =^ -0.08 < £0 < 0.08 
U = 0.19 ± 0.21 =^ -0.80 < 4 < 0.30 

for A = 2 TeV and at 2a. We see that the constraint from T on the custodial 
symmetry breaking effect is very strong.H LoofL.corrcctions to the T parameter 
through other couplings have been evaluatedEJ With the new T value above, 
the limits on the couplings of interest are 

-IK 4 < 11, -28<4<28, -1.4<4<1.4, 
-IK £7 < 11, -1.5<4o<l-5. 
''A new analysis appeared more recently in this topicEEl 
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This calculation is in principle similar to that by considering the Z partial 
widths e3 

It is interesting to note that the couphngs ^6,7,10 violate the custodial SU(2) 
symmetry, yet the current constraints on them are not very strong. It would be 
of great theoretical significance if one observed the custodial SU(2) symmetry 
breaking in SEWS. Currently, low energy constraints on heavy resonances are 
still weak with one exception for a vector resonance like pj^ which may mix 
with 7, Z . However, if there is also a_nearly degenerate axial vector A\^ then 
the constraint on pj, can be avoidedE£l 

4 Quartic gauge-boson couplings at linear colliders 

PhysicS|^otential at e+e~ colliders has been nicely presented in recent review 
articles e3 and in many talks in this workshop. To explore the physics of the 
electroweak symmetry breaking sector, the most direct way is to study the four- 
gauge boson couplings to probe the genuine Goldstone boson interactions, no 
matter there is a light Higgs boson or not. The relevant processes and the 
corresponding couplings of our interests are 

e+e- ^ W^W-Z, (4,5,6,7) (9) 

e+e- ^ ZZZ. (4,5,6,7,10) (10) 

which are more useful at lower energies near the three-vector boson threshold. 
At higher energies, the fusion processes WlWl -^ ^iWl become dominant 



e+e-- 


-^vvW^W- , 


(h..5,H,pT) 


(11) 


e+e-- 


-^ vvZZ^ 


(4,5, 4,7, i^) 


(12) 


e+e-- 


-^ e^vW^Z, 


(4,5, 4,7, pt) 


(13) 


e+e-- 


-^ e+erZZ. 


(4,5 + 2^6,7,10) 


(14) 



With the linear collider running at different beam modes, certain other pro- 
cesses can be complementary for the study 

e'e- ^wW'W-, (4,5,/ = 2) (15) 

jj^W+W-ZZ, W+W-W+W-, (16) 

ej^eW+W-, eZj, eZZ. (wt,^i) (17) 

If the top quark plays a role in the EWSB, then the direct probe to the physics 
associated with this sector may be via the subprocess W^Wj^ — > tt for 

e^e- ^vvW*W* ^vvtt. {H,pT...) (18) 

We now summarize the current results for studies of the above processes. 



4-.1 Triple gauge-boson production 



Triple gauge-boson production at e+e linear. mlUdcrs will be an ideal process 
to study the quartic gauge boson couplings EjESlHa As outlined in Eqs. (S)- 
(|l^), the processes e+e" -^ W+W'Z and ZZZ, involving WWZZ,ZZZZ 
couplings^an be sensitive to new physics. In Fig. (|l|), we present the sensitivity 
contours c3 at 90% C.L. for these two processes at different energies. We 
see that with ^/s = 500 GeV and an integrated luminosity of 50 fb^^, the 
magnitude of the couphngs can be probed to about 4 — 10. At ^/s = 1.6 TeV 
with 200 fb""'^, the sensitivity to the couplings can be reached to a level of 
0.3 — 0.6, reaching theoretically quite interesting region. Beam polarizations 
of 90% for e~ and 65% for e"*" helped to reduce the SM background. 



20 



10 



-10 



-20 



_ (Polarization added for 
shaded contours) 
eV^WWZ 



(a) : 




-20 



O.STeV (No Cut) 
O.STeV (+Cuts) 



-10 



10 



20 



20 



I; 



-20 



^-.- 


»ZZZ (b) - 


^ 


90%C.L. 




e-e*->WWZ^ 


^ 




0.5 TeV 
50 fb' 











',- 




-30 



30 



Figure 1: la contours in I4 — £5 plane via WW Z, ZZZ final states. We take A = 2 TeV. 
Tlie thick solid lines are for the two-cliannel combined 90% C.L. bounds. 



4-2 WW fusion processes 

Cross sections for the processes of Eqs. (p|)-(p^ are suppressed at higher en- 
ergies, typically like s~^ well above the threshold. On the other hand, the 
gauge boson fusion processes of Eqs. (|ll|)-(p^), originated by the subprocesses 
W+W^ -^ W+W", ZZ; W^Z -^ W^; ZZ -^ ZZ and W-W^ -^ W^W~ , 
become more significant, with an energy dependence typically like ln(s/M^) 
due to the coUinear weak boson radiation off the electron beams in the initial 
state. In particular, if there are new resonances in the SEWS sector that are 
accessible at the collider, then the signal should be more substantial. The 
backgrounds to the gauge-boson fusion and the signal .isolation technique have 
been extjensively studied first at hadron colliders c3ll3 and later at the linear 
colliders EZI The SM backgrounds and SEWS signals are calculated for a 1.5 TeV 
linear collider for a scalar (Higgs-like) , a vector (pg^-like) of a mass one TeV, 
and the low-energy theorem amplitude (LET, non-resonance), which are shown 
in Fig. g. The signal is clearly observable above the backgrounds after judicious 
cuts. It is important to note that by examining the individual W^W~ or ZZ 
final state, one may be able to deduce the structure of the underlying dynam- 
ics. For example, the ratio (t{W+W- -^ W+W-)/a{W+W^ -^ ZZ) is about 
two for a Higgs-like scalar, is much lacger than one for a vector resonance, and 
is even smaller than one for the LETE3 

For Jipn-resonant scenario beyond the LET, the fusion processes are also 
studied c3 for the couphngs €4, 5, 6,7,10, as shown in Fig. |[ The characteristic 
range of the probe for a 1.6 TeV collider with 200 fb~^ luminosity is about 
0.06, which goes well below unity. This sensitivity would be of great theoretical 
interest. 

4.3 W^W^ -^ tt 

The possibly significant role of the top quark played in the EWSB sector moti- 
vates the study of the process Eq. (|l^) . The enhancement of the cross section 
due to the contribution from lower-lying resonancea_can be quite substantial 
and is shown in Fig. H versus the e+e" cm. energyCa We view the SM result 
(with niH = 100 GeV) as the background. The signal rates are evaluated 
with the approximation of the Goldstone-boson equivalence theorem, and are 
labeled by Mh = 1 TeV (a heavy scalar). My = 1 TeV (a heavy vector) and 
LET (leading order non-rescpance). Another study on this channel was re- 
ported during the workshop 113 and good signals in the Mjj distributions for 
a scalar/vector resonances could be found. The statistical significance for the 
signal channels considered can be well above 10. 
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Figure 2: Scalar and vector resonant production via (a) W^Wj^ — » WJ^W^ and (b) 
W'TWr -^ ZZ at a 1.5 TeV e+e~ linear collider. The summed SM background (dotted) 
and a LET amplitude (solid) are also presented. 



5 Concluding remarks 

A few remarks are in order. First of all, regarding the machines. We see 
that a TeV e+e" linear collider should have great potential for probing EWSB 
physics. On the other hand, e~e~, e~7 and 77 colliders can be all complemen- 
tary. As indicated in Eqs. (p^)-(|l7|), the e~r-er collision is unique in probing 
the weak isospin 1 = 2 W~ W~ scatteringp^ je^ is unique in producing the 
weak isosinglet states such as ujrp via 7Z fusionpl and a 77 collider has similar 
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Figure 3: la contours in £4 — <?5 plane via WW fusion processes with W^W ,ZZ and 
W^W^ final states. We take A = 2 TeV. 



potential to the e^e~ coUiderEj Secondly, about the detectors. To effectively 
distinguish a W from a Z in the hadronic modes, one would need an ade- 
quate hadronic mass resolution for the calorimeter. The detector coverage in 
the forward region should be at least of the order of 10 degrees in order to 
tag/veto the forward leptons for the fusion processes. Not mentioned in the 
presentation is the situation where a vector resonance mixes with j/Z and the 
mass is close or bekiw the energy threshold. In this case, the signal would be 
particularly stronger and one can study its properties to a great detail. 

i— ij— jEinally, we provide a "naive" comparison between a l.S TeV linear collider 
eIMeI with a luminosity of 200 ib~^ and the LHCEjy at 14 TeV with 100 
fb~^. We see from Table that they have comparable reach for most of cases 
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Figure 4: Production cross section versus the cm. energy for e~^e~ — > Putt. The SM rate as 
the background is that of mu = 100 GeV; the signal rates are labeled by Mf[ = 1 TeV (a 
heavy scalar), My = 1 TeV (a heavy vector) and LET (leading order non-resonance). 



under discussion. Due to the advantage of a cleaner experimental environment 
at the linear collider, the ti channel seems to be more accessible there than at 
the LHC. 



Table 1: Comparison for the sensitivity for SEWS physics between a 1.5 TeV e+e~ collider 
and the LHC. The entries under scalar, vector and ti are for the estimated statistical sig- 
nificance; those under £4^5 are the values that can be probed for the anomalous couplings. 





scalar(l TeV) 


vector (1 TeV) 


4,5 


tt 


LC(1.5 TeV) 


10 


16 


-0.1-0.1 


10 


LHC(14 TeV) 


8 


15 


-0.5-0.9 


not established 



12 



Acknowledgments 

I would like to thank the organizers of the workshop for their invitation. I also 
thank Hong-Jian He and German Valencia for discussions during the prepara- 
tion of this talk. This work was supported in part by a DOE grant No. DE- 
FG02-95ER40896 and in part by the Wisconsin Alumni Research Foundation. 

References 

1. V. Ruhlmann-Kleider, talk presented at the 19th International Sympo- 
sium on Lepton and Photon Interactions at High- Energies, Stanford, CA 
(Aug. 9-14, 1999); and a contributed paper to the conference by Jason 



Nielsen for ALEPH collaboration, hep-ex/9908016 



2. S. Weinberg, Phys. Rev. D 19, 1277 (1979); L. Susskind, Phys. Rev. D 
20, 2619 (1979). 

3. S. Dimopoulos and L. Susskind, Nucl. Phys. B 155, 237 (1979); 
E. Eichten and K. Lane, Phys. Lett. B 90, 125 (1980). 

4. B. Holdom, Phys. Rev. D 24, 1441 (1981); Phys. Lett. B 150, 301 
(1985); T. Appelquist, D. Karabali and L. C. R. Wijewardhana, Phys. 
Rev. Lett. 57, 957 (1986); T. Appelquist and L. C. R. Wijewardhana, 
Phys. Rev. D 36, 568 (1987); K. Yamawaki, M. Bando and K. Matu- 
moto, Phys. Rev. Lett. 56, 1335 (1986); T. Akiba and T. Yanagida, 
Phys. Lett. B 169, 432 (1986). 

5. M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); M. 
Golden and L. RandaU, Nucl. Phys. B 363, 1 (1991). 

6. W. Bardeen, C. Hill and M. Lindner, Phys. Rev. D 41, 1647 (1990); W. 
Marciano, Phys. Rev. D 41, 219 (1990); V. A. Miransky, M. Tanabashi 
and K. Yamawaki, Phys. Lett. B 221, 177 (1989). 

7. C. HiU, Phys. Lett. B 266, 419 (1991). 

8. C. Hill, Phys. Lett. B 345, 483 (1995); K. Lane and E. Eichten, Phys. 
Lett. B 352, 382 (1995); K. Lane, Phys. Rev. D 54, 2204 (1996). 

9. B. Dobrescu and C. HiU, Phys. Rev. Lett. 81, 2634 (1998); R. S. 
Chivukula, B. Dobrescu, H. Georgi and C. HiU, Phys. Rev. D 59, 075003 
(1999); G. Burdman and N. Evans, Phys. Rev. D 59, 115005 (1999). 

10. B.W. Lee, C. Quigg and H. Thacher, Phys. Rev. Lett. 38, 883 (1977); 
M.S. Chanowitz and M.K. Gaillard, Nucl. Phys. B 261, 379 (1985). 

11. J. Bagger and C. Schmidt, Phys. Rev. D 41, 264 (1990); H.-J. He, Y.-P. 
Kuang and X.-Y. Li, Phys. Rev. Lett. 69, 2619 (1992); H.-J. He and W. 
Kilgore, Phys. Rev. D 55 , 1515 (1997). 

12. T. Han, 



hep-ph/9704215| ; T. Barklow et al, |hep-ph/9704217 



13. T. Appelquist and C. Bernard, Phys. Rev. D 22, 300 (1980); A. Longhi- 

13 



tano, Nud. Phys. B 188, 118 (1981); A. Dobado and M. Herrero, Phys. 
Lett. B 228, 495 (1989); B233, 505 (1989); S. Dawson and G. Valencia, 
Nud. Phys. B 352, 27 (1991); T. Appelquist and G.-H. Wu, Phys. Rev. 
D 48, 3235 (1993); J. Bagger, S. Dawson and G. Valencia, Nud. Phys. 
B 399, 364 (1993). 

14. M.S. Chanowitz, M. Golden and H. Georgi, Phys. Rev. Lett. 57, 2344 
(1986); Phys. Rev. D 36, 1490 (1987). 

15. W. BuchmuUcr and D. Wyler, Nud. Phys. B 268, 621 (1986); C.N. 
Leung, S.T. Love and S. Rao, Z. Phys. C 31, 433 (1986); K. Hagiwara, 
S. Ishihara, R. Szalapski and D. Zeppenfeld, Phys. Rev. D 48, 2182 
(1993). 

16. S. Weinberg, Phys. Rev. 166, 1568 (1968); S. Coleman, J. Wess and B. 
Zumino, Phys. Rev. 177, 2239 (1969); C. Callan et al, Phys. Rev. 177, 
2247 (1969). 

17. R. Cassilbouni, Gato, S. Couris and D. Dominici, Phys. Lett. B 228, 
495 (1989). 

18. J. Bagger, V. Barger, K. Cheung, J. Gunion, T. Han, G. Ladinsky, R. 
Rosenfeld and C.-P. Yuan, Phys. Rev. D 49, 1246 (1994); Phys. Rev. D 
52, 3878 (1995). 

19. R. Casalbuoni, A. Dcandrea, S. De Curis, D. Dominici and R. Gatto, 
Phys. Rev. D 53, 5201 (1996). 

20. R. Rosenfeld and J. Rosner, Phys. Rev. D 38, 1530 (1988); Phys. Rev. 
D 39, 971 (1989); R. S. Chivukula and M. Golden, Phys. Rev. D 41, 
2795 (1990); T. Han, Z. Huang and P.Q. Hung, Mod. Phys. Lett. All, 
1131 (1996). 

21. S. Godfrey, T. Han and P. Kalyniak, Phys. Rev. D 59, 095006 (1998). 

22. K. Hagiwara, R.D. Peccei, D. Zeppenfeld and K. Hikasa, Nud. Phys. B 
282, 253 (1987). 

23. M. J. Herrero and E. R. Morales, Nud. Phys. B 418, 431 (1994). 

24. H.-J. He, Y.-P. Kuang and C.P. Yuan, Phys. Lett. B 382, 149 (1996). 

25. J.J. van der Bij, Nud. Phys. B 255, 648 (1985); V. Borodulin and G. 
Jikia, Nud. Phys. B 520, 31 (1998). 

26. T. Han, H.-J. He and C.-P. Yuan, Phys. Lett. B 422, 294 (1998). 

27. For a review on the vector boson pair physics at the Tevatron, see e. g., 
J. EUison and J. Wudka, Annu. Rev. Nud. Part. Sci. 48, 33 (1998). 

28. For a review on the vector boson pair physics at LEP2, see e. g., M. 
Campanelh, Int. J. Mod. Phys. A14, 3277 (1999); for updated informa- 
tion from LEP2 studies, see the LEP electroweak working group webpage 



at http://www.cern.ch/LEPEWWG/tgc/ 



29. J. Erler and P. Langacker, Eur. Phys. J. C3, 90 (1998); [hep-ph/9809352 

14 



30. J. Bagger, A. Falk and M. Swartz, |hcp-ph/9908327[ 



31. A. Brunstein, O.J. P. Eboli and M.C. Gonzalez-Garcia Phys. Lett. B 
375, 233 (1996). 

32. S. Dawson and G. Valencia, Nucl. Phys. B 439, 3 (1995). 

33. H. Murayamaand M. Peskin, Ann. Rev. Nucl. Part.Sci. 46, 533 (1996); 
E. Accomando et al. (ECFA/DESY LC Physics Working Group), Phys. 
Kept. 299, 1 (1998). 

34. V. Barger, T. Han and R.J.N. Phillips, P hys. Rev. D 39, 146 (1989). 

35. S. Dawson, A. Likhoded and G. Valencia, |hcp-ph/9610299| ; O.J.P. EboH, 



M.C. Gonzalez-Garcia and J.K. Mizukoshi, Phys. Rev. D 58, 034008 
(1998). 

36. V. Barger, K. Cheung, T. Han and R.J.N. Philhps, Phys. Rev. D 42, 
3052 (1990). 

37. V. Barger, K. Cheung, T. Han and R.J.N. Philhps, Phys. Rev. D 52, 
3815 (1995). 

38. E. Boos, H.-J. He, W. Kihan, A. Pukhov, C.-P . Yuan and P. Zerwas, 
Phys. Rev. D 57, 1553 (1998); pirph/9908409| . 



39. T. Han, Y.-J. Kim, A. Likhoded and G. Valencia, in progress. 

40. E. R. Morales and M. E. Peskin, |hep-ph/9909383| . 



41. V. Barger, J. Beacom, K. Cheung and T. Han, Phys. Rev. D 50, 6704 
(1994); T. Han, Int. J. Mod. Phys. A13, 2337 (1998). 

42. E. Boos and G. Jikia, Phys. Lett. B 275, 164 (1992); K. Cheung, Phys. 
Rev. D 50, 4290 (1994). 

43. T. Barklow, in the Proceedings of DPF94 Meeting, p.l236, ed. by Sally 
Seidel, Albuquerque, New Mexico, 1994. 

44. A.S. Belyaev, O.J.P. Eboh, M.C. Gonzalez-Garcia, J.K. Mizukoshi, S.F. 
Novaes and I. Zacharov, Phys. Rev. D 375, 59 (015022)1999. 



15 



